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FACTORS AFFECTING LATERAL STABILITY AND CONTROLLABILITY

By John P. Campbell and Thomas A. Toll
SUMMARY

The results of a number of recent lateral-stability investigatlions
conducted by the NACA are summarized In this paper. Illustraetions are
given of some of the effscts on dynamic lsteoral stability of a few of
the more lmportant aesrocdynamic and maess characteristics such as the
directional-stability parameter C, , the effective-dihedral

paramster CZB’ the dam@ing-in-roll parsmeter CZp’ mass distribution,

and relative density. Th= problems aegocleted with the so-called
"snaking" oscillation encountered recently by several high-speed alrplanes
ars dlscussed. Soms of the lmportant factors affecting the values of the
stabllity derivatives used in dynamic lateral-stability calculations for
ajrplanes with low-aspect-ratloc swept wings are Indicated, and a method
is suggested for estimating the effects of scale and roughness on the
stebllity derivatives.

INTRODUCTION

The problem of obtelning satisfactory lateral steblllity has becoms
increasingly difficult as sirspeeds have increassd and as designers have
resorted to the use of extreme sweepback and low aspect ratio. At high
speeds, many of our military airplanes have exhibited a lightly dsmped
yawing oscillation - the so-called “snaking" oscillation. At low speeds,
lateral-stablility troubles are anticipated with sweptback and low-
aspect-ratio deslgns, partly because of theilr relatively high effective
dihedral and low damping in roll. In general, the problem of oscillatory,
or Dutch roll, stability does not now appsar to be sc serlous for swopt
airplanes as originally entlcipated, but in many cases it 1s Important.
In some’ cases, lateral controlleblility is & more important factor than
Dutch roll stebility in determining the configuration of the airplans.

Thisg paper will deal first wlith the effect on stabillity of some of
the more importent serodynamic and mass characteristics and will then
present methods for estimeting the varlous stabllity parameters to be
uged in stabllity calculations for high-speed alrplanes.

>
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SYMBOLS

11ft coefflclent

drag coefficient

rate of change of 1lift coefficient wilth angle of attack a,
per degree (Cr,/da)

rate of change of rolling-moment coefficlient with angle of
sideslip B, per degree (3C;/3B)

rate of change of yawlng-moment coefficient with angle of
sideslip B, per degree (3C,/dB)

rete of change of rolling-moment coefficient with wing-tip

oC
helix angle pb —

per radian

v’ 3R
av
rate of change of yawlng-moment coefficient wlth wing-tip
oC
helix angle %’, per radian 51%
v,
rate of change of rolling-moment coefflclient wlth yawing-
b oc,
veloclty parameter =7, per radlan | «—
3
v

angle of wing inclidence, degrees

indicated alrspeed, miles per hour

sweep angle, degrees

agpect ratilo

taper ratio, ratio of tip chord to root chord
wing span

wing chord

Reynolds number

Mach number
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IMPORTANT FACTORS AFFECTING DYNAMIC TATERAT STABITITY

Directional Stabllity and Effective Dihsdral

Two of the most important factors affecting lateral stabiliiy and
controllabllity are the directional-stability paramster CnB and the

the effective-dihedral parameter CZB. (See references 1 to 3.) These

two factors are used as the basls for the conventlonal stabllity chart
shown in figure 1. The ordinate 1s CnB end the absclssa is -CZB

which 1s positlve effective dihedral. The boundary shown 1s for neutral
ogcillatory or Dutch roll stabllity calculated for a general research
model tested in the Langley free-flight tunnel. In the figure are twc
points which represent two models or airplanes with different combinations
of CnB and CZB. The first polnt at high CnB and low CZB 1s for a

good flying conditlion. The osclllatory stabllity 1s very good and the
controllability is also good because the large value of CnB keeps

adverse yawing fo a minimum. The second polnt which hasg large CZB and

low CnB represents & poor flylng conditlion. It can be seen that since

this point 1s below the stablllity boundary, Dutch roll instabllity is
indicated. Even if the boundary were below this point (which 1g quite
likely in many cases) the controllability for thle condition would be
poor because the low directional stability would permlt excessive adverse
yawing, which in combination with the high effective dlhedral wlll cause
a serious reduction in ailesron rolling effectivensss. (See refersnce 4.)
This happened in the case of the L-39 sweptback research alrplane.

Damping in Roll

Another lmportant factor affecting lateral stablility 1s the damping
in roll which becomes smaller as the sweepback 1s increassd and as the
agpect ratlioc l1ls decreased. The effect on lateral stabllity of reducing
the damping in roll is shown in figure 2 which is a stability chart
gimilar to that already presented. The osclllatory-stablllity boundaries
have beer plotted for values of the damping-in-roll parameter CzP

of 0, -0.1, and ~-0.2. The valus of Czp for a straight-wing conventional

ailrplane is about -0.h4 or -0.5. These boundaries which were taken from
reference 5 were calculated for a hypothstical transonic airplane and are
intended only to indlcate the trends obtained as CzP ig varied. It is

evident from the boundaries that reducing Cy reduces lateral stabllity.

P
Although the effect shown is probably typical for most airplane designs,
calculations have indicated that the reverse effect might be present for
some airplene configurations.
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Wing Incidence

Several airplanes now in the deslgn stage have provisions for
varlable wing incidence to permit the fuselage to remain at & low angle
of attack whlle the wing goes up to the high angles of attack required
because of the hlgh sweep and low aspect ratlo. Recent theoretical work
(reference 6) which has been checked by teste in the Langley free-flight
tunnel (reference 4) has indicated that increasing the wing incidence
might have a detrlimental effect on lateral stabllity. This effect 1is
1lliustrated in figure 3, which is a stabllity chart for a free-flight-
tunnel sweptback-wing modsl with 0° and 10° wing incidence.

Changing the wing incldence in effect changes the lnclination of the
principal axes of lnertlia of the alrplane which 1s the factor that
produces the change 1in stebllity. TFor example, in the case of the
airplane with 0° wing incidence the fuselage 1s at the same angle of
attack as the wing; and, because the principal longltudinal axls of
inertia is usually approximately in llne with the fuselage, it also has
the same positive angle of attack. In the case of the wing with 10° wing
incldence, however, 1t can be seen that the fuselage and, hence, the
principal axes of 1lnertia wlll have very little angle of attack. A
comparison of the two boundaries shows that the effect of uwsing positive
wing Incidence is to decrease the ogclllatory stabllity. It therefore
appearsg deslrable to avold the use of large posltive wing incidence if
possible. Some calculations have shown that even a small change in wing
incldence (as small as 2°) can glve large changes in stability.

Mass Distribution and Relatlve Density

The effects of mass distribution and relatlive density on lateral
stablillity have been lnvestigated both theoretically and by tests In the
langley free-flight tumnel (references 5, T, and 8). In general, the
results have indlcated that usually no pronounced effects on stabillty
occur when the relatlive density 1s increased by lncreasing elther the
wing lomding or the altitude. Simllarly, increasing the moment of lnertila
in yaw by lncreasing the welght in the fuselage does not usually appear to
affect stability greatly. Increasing the moment of lnertia In roll by
increasing the welght carrlied in the wing, however, dces have & pronounced
effect on the stability, as 1llustrated by figure 4, which 1ie a stability
chart for a typlcal sweptback fighter model tested in the langley free-
flight tunnel with and wilthout wing-tip tanks. A comparison of the two
points on the chart shows that adding the tenks caused some slight changes
in aerodynamic characterlstics, but the main effect of the ftanks was to
increase the moment of inertia in roll which resulted in the large shift
shown in the osclllatory-stabllity boundary. A pronounced reduction in
the stability of the model 18 Indicated when the wing tenke are installed.
Since the perlod of the osclllatlion in thls case ls fairly long, however,
it is posslible that the alrplane pllot would have less dlfficulty in
flying with this unstable condition than he would in other cases where
the osclllation is of shorter periocd and lightly demped.
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THE "SNAKING" OSCILIATION

Examples of lightly damped short-periocd oscillations which are
difficult to control have been encountered recently on a number of
military alrplanes. These alrplanes exhibited poor lateral-ogcillation
. characteristics or "enaking" in high-speed flight. A study of this
sneking oscillation was recently conducted with a& conventional single~
englne low-wlng attack alrplane for which poor lateral-osclllation charac-
terisgtics had heen reported. The results of thie Investigation are
surmarized on figures 5 and 6. Figure 5 shows & time higtory of the
rudder motion and yawing veloolty after a disturbance in yaw for various
rudder conditions for an indicated alrspeed of ebout 350 mlles per hour.
With the rudder free, the snaking osclllatlion was very lightly damped
even though the actual rudder deflections were less than half a degree.
With the rudder locked,the damping was much Petter and was congidsred
satlisfactory. The mlddle record showe thet with Just the rudder pedals
Pixed & true rudder-fixed condltion wes not obtalned and the dampling was
not much better than witk rudder free.

The varlatlion of the damping with alrgpeed 1s shown in the first
part of figure 6. The cycles required to damp to 1/2 amplitude and
pericd of the osclllation are plotted as a function of indicated alrspeed.
With rudder locked, the demping in cycles remained constent over the
speed range; while wlth rudder free with the orlglinal horn balance the
damping was not so good ag wlth rudder fixed at low speed and became
progresslvely worse with increasing alrspeed. When the horn balance was
removed, the demping was essentlially the same as wlth rudder locked,

An explanstion for these changes in damping is glven on the rudder-
free stabllity chart on the right of thie figure. On this plot of Oy v

agalnat Cha the calculated rudder-free stability"bounda.ries for thils

airplane with the effects of friction In the control system are taken
into account. The boundaries, which were calculated by methods that
were developed in references 9 and 10 and checked in reference 11,
indlicate the combinations of Chﬁr and Ch8 which produce stability,

divergence, conatant-amplitude oscillatlons, or increasing oscillations.
With the horm balance the msasured hinge-moment factors were as indicated
by the point on the chart., The fact that thisg point 1s not far from the
congtant-amplitude csclllation boundary explains why at low speeds the
damping was less wlth rudder free than with rudder fixed.

The decrease in damping wilth increase 1n airspeed for the rudder-
free condlition is attrlibuted to the effects of Mach number on the hinge-
moment parameters Chv and Chs' Tegte have shown that as Mach number

is increased, both Ch‘V and Chs might become more pogitive which would
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shift the polnt on the chart towards & region of worse demping.
Removing the horn balance makes both Ch* and Ch5 more negatlve and,

therefore, shifts the polnt on the chart to a reglon of greater damping
of the oscillation. The greater damping expleins the lmprovement noted
in the £light tests when the horn balance was removed. The current
trend of alrplane design which leads to intentlional selectlon of a

low Chb and & positive C is such es to invite snaking or poorly

demped oscillations. It 1s therefore lmportant that the damping charac-
terlstics be checked by calculations and that due allowance be made for
the effect of Mach number on the hinge-moment parameters.

Although the rudder hinge-moment characteristics appear to have a
very ilmportant effect‘on snaking oscillations, other factore are
undoubtedly involved in meny cases. For example, fuel sloshing has in
some cages appeared.to make the snaking motlion worse, and such factors
ag the air flow at the tall-fuselage Juncture and the arrengement of the
tall pipe In the fuselage have been shown to affect snaking. Even when
none of these factors are Involved, an alrplane might exhiblit snsking in
the rudder-fixed condition Just because the dampling of the Dutch roll
oscillatlon 1s weak. Poor damping might be the reason for the sneking
experienced with the XS-1l. The fact that In high-speed flight the
fuselage (and thus the principal longitudinal axis of inertia) is more
nearly alined with the reletive wind wlll tend to make the Dutch roll
osclllation demping worse than that at low speeds.

ESTIMATION OF STABILITY DERIVATIVES

The discussion presented so fear has indlcated some of the deslign
conditione that must bPe avolded 1f satiefactory lateral stabllity charac-~
terlstics are to be obtalned. In gemeral, 1t has been found through
experience with models in the Langley free-flight tummel that f£light
characteristice can be predicted through solutions of the equations of
motion, provided that sufficlent information 1s at hand regarding the
mass characteristics of the models and the values of the stabllity
derivatives.

Theoretical Work

The theoretlcal stability derlivatives for unswept wings glven in
reference 12 have generally been found to be adequate. The use of sweed
may affect the values of some of the derlvatives appreclably however;
and, in general, the avallable rigorous theories appliceble to swept wings
are too cumbersoms to be used for the preparation of charte simllar to
those glven for unswept wings in reference 12. Analyses of swept-wlng
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data, such as those given in reference .l3, have Indicated that through
simple geometric considerations, correction factors may be derived to
account for the effects of sweep. When these factors are applied to
rigorous theoretical valuea of the derlvatives of unswept wings,
reagonably reliable derivatives for swept wilngs may be obtained. Such
factors have been derived in an unpublished anslysis for the various
derivatives. Soms sample charts based on the method are shown in
figure 7. These charts 1llustrate trendse resulting from the effects

of sweep on soms of the 1mportant stebllity derivatives of wings having
a taper ratio of 0.5 and no dlhedral.

Perhaps the greatest effect of sweep is on the effective-dihedral
dexrivative -CzB. It should be noted that for small aspect ratios a

given angle of sweepback may result in high positive effective dihedral;
whereas, the sams angle of sweepforward may result in little or mno
negative effective dihedral. This 1a caused by the fact that, although
the increment of Cj 8 resulting from sweep does not vary to any large

extent with aspect ratlio, the value of -07’3 for unswept wings increases

rapldly as the aspect retio decreases.

The approximate method of calculation indicates that the damping In
roll CZP is reducsd by sweep, but this effect generally 1= not large

except for relatively high aspect ratios. In this connectlon, 1t might
be mentioned that the effectiveness of ailerons, which occupy & glven
portion of the wing surface, 1s found to decrease wlth sweep more rapidly
than the damping in roll. If it is desired, therefores, to meet the usual

rolling criterion -of a specified value of the wing-tip helix angle 3—3,

either larger allserons or greater deflectlons must be provided as the
sweep angle is Increased.

Sweep causes appreciable Increases in the magnitudes of the derlva-
tives of yawing momsnt due to rolling Cnp and rolling moment due to

yavwing 07'::-' This increase is in contrest to the reductions noted for
the value of CZP and usually found for the lift-curve slope CI'a.'

Correlatlion of Theoretical and Experimental Results

Experimsntal determinations of the various stability derivatlives
have been made for a large number of wings through the use of the rolling-
and curved-flow equipment of Lengley stabllity tumnel. TIn general, the
test results have gubstantiated the trends shown by the charts. The datae
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have indlicated, however, that under some conditions, the calculated
values of the derlvatives may apply to only & limited 1lift-coefficlent
range. This fact 1s 1llustrated by figure 8 which shows comparisons of
experimental and calculated values of the derlvatives -CIB, Cy

r

and Cnp for an untapered 45° sweptback wing of aspect ratio 2.6. The

teste, which were made &t & Reynolds number of about 1,400,000, are
reported in references 1li and 15.

For this case, the initlal slopes of the derivatlves against 1ift
coefficlent are in fairly good agreement with the slopes indicated by the
calculations. The data begln to deviate from the initial slopes, however,
at a 1ift coefficlent of about 0.5, and the devliations become very
important at high 1i1ft coefficlents. Under these test conditions, the
rolling moment due to sidesllp and the rolling moment due to yawling
decreaged to dbout zero at maximum 1lift. The yawlng moment due to rolling
reversed 1ts slgn at a 1lift coefficlent of about 0.7, so that at high
1ift coefficlents the derivative Cnp night be regarded as favorable

rather than unfavoreble as l1s normally expected. A positlve value of Cnp

can have an importent effect on controllablility at high 1ift coefficients.
Free-flight-tunnel teste of models wlth posltive values of Cnp have

indicated that the favorable yaw mekes 1t possidle to obtaln good lateral
flying characterlistlcs without the necessity of coordinating the rudder
with alleron cantrol.

The deviations of the experimental data from the inltial slopes
probably result from tlp stalling since rolling- and yawlng-moment deriva-
tives are affected primerily by flow condlitlong at the tips. An Indi- 5

c
cation of partlal stalling 1s given by the rise in the quantity Cp - 7%?

which represente that part of the wing draeg which 1s not ldeally assocl-
ated with lift. For convenlence, thls quantity will be referred to as
the "drag index." For the case of a gweptback wing without devices
whilch tend to delay stalling at the wing tips, such as venes, leadling-
edge flaps, or slots, the drag Index ls found to rise at about the 1ift
coefficlent at which the derivatives CIB’ Czr, and Cnp begin to

deviate from the trends established at low 11ft coefficlents. When devices
which delay tip stalling are used, the dreg index may not be & true indi-
cation of varlations in derlvatlves, however, for 1t may rise because of
separation of flow from inboard parts of the wing which: would not greatly
affect the rolling- and yawilng-moment derivatives. For plain sweptback
wings, however, it appears that the drag index might merve as a basls

for predicting the lift-coefficient range over which the calculated
characteristics might be expected to apply under specific condltions.

An importaent application of the drag-index concept 1a in the prediciion

of Reynolds number effects on derlvatives such as Cnp and Clr which
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can be determined only with specilal equipment which normally is not
avallable in wind tunnels capable of making tests at high Reynolds numbers.

Effects of Reynolds Number and Wing Roughness

Figure 9 shows the effects of Reynolds number and of wing roughnsss
on the effective-~dihedral derivative -C-LB and on the drag index for

a 40° sweptback wing with an NACA 644-112 airfoil section. These results,

taken from reference 16, are from tests made in the ILangley 19-foot pressure
tunnel. ILarge effects of Reynolds number were noted when the wing surface
was smooth; for example, at a Reynolds number of 5,300,000, the

derivative -(IzB Increased linearly with 1ift coefficient almost until

meximum 11ft was attalned, and the drag lndex showed very little change
with 1ift coefficlent. At a Reynolds number of 1,720,000, however, the
derivative -CZB began to deviate from 1ts initial trend at & 1ift

coeffliclent of about 0.5, and the drag Index showed an abrupt rise at the
same 1ift coefflcient. Results obtalned at a high Reynolds number for
the wing with roughness at the leading edge were very simllasr to results
obtalned at & low Reynolds number for the wing with a smooth surface.
The drag Index again Indicates the presence of tip stalling for the latter
two cases but 1little or no stalling for the smooth wing at a high Reynolds
number. It mlght be expected therefore that Inltlal trends of the
derivatives C end C4 &also would persist to a high 1ift coefficlent
r

“p

Ffor the case of the smooth wing at & high Reynolds number.

Effect of Wing Profile and Flaps

The shape of the wing profile may, under some conditloms, have large
effects on lateral stablility characteristics., Figure 10 shows comparisons
of resultg obtalned on the effective-dlhedral derivative -CZB for smooth

wings having NACA 61{-1-112 and. circular-arc alrfoll sections. The tests

(reference 17) were made at a Reynolds number of 5,300,000, which 1s the
higher of the two values referred to in the preceding figure. With flaps
off, the curve for the NACA 647-112 airfoll is the same as that given

before. The values of -CZB for the clrcular-arc airfoil begin to

deviate from thelr initial trend at a very low 1lift coefficlent, probably
because the tendency of sweptback wings to stall at the tips 1s aggra-
vated through the use of an alrfoll wlth-a sharp leadlng edge. With
leading-edge and tralling-edge flaps deflected, the derivatlive -CzB

continued to inorease almost linearly with 1ift coefficient until maximum
1lift was approached, regardless of the alrfoll section. It appears that
the wing characterlstics are determined largely by the contour of the
leading-edge flap and that the baslc airfoll sectlion has very littls
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influence when the leading-edge flap 1s deflected. Since the leading-
edge flap tends to delay tip stalling, it 1s probable that the
derivatives Cnp and Czr also would show trends simllar to that

indicated for -CZB.

Effect of Fuselage and Tsll Surfaces

The discusslon glven so far has dealt largely with the more important
effects of sweep on characterlstica that are of particular interest at
low speeds. In the deslign of a complete airplane, additional factors,
such as the effects of the fuselage, or the size and location of the tall
surfaces, must be considered. Experience has indicated that the effects
of these addlticonal factors on the various rotary-stability derlvatives
and on the effective-dihedral derivetive -CzS can be accounted for in

much the same manner that has been used for conventional-alrcraft designs.
Particular attentlon should be paid, however, to the posslble adverse
effect of swept wings on directional stablllity near meximum 1ift. It

1a not yet possible to select with any degree of certalnty a configuration
that will have gatisfactory dilrectlonal-gtabllity characteristics at all
1ift coefficients, but 1t generally has been possible to correct an
undesirable condition in the course of wind~tunnel development tests.

Effect of Mach Number

Very little theoretlcal or experimental information regarding
gubsonic compressibllity effects on the lateral-stablility derlvatives
is avallable at the present time. Results of tests made on one model in
the Langley high-speed 7- by 10-foot tumnel (urpublished data) are shown
in figure 1l. The teste 1ncluded determinatiomns of the derivatives Cnﬁ,

-CIB, and Czp through a range of Mach number. The model configuration

used 1in the determination of C, was slightly different from that used
D

in the determinations of GnB and -CZB' The compressibllity effects

on these derivatives were fourd to be very small for Mach numbers
below 0.82. At higher Mach numbers, the directional-stabllity
derivative CnB increagsed, probably because, with the model in gldesllp,

the critical Mach number of the leadlng-wing panel was exceeded and,
consequently, the drag of the leadlng-wing panel increased. At an angle
of attack of 6° the effective-dlhedral derivative -Czﬁ decreased as

the Mach number exceeded 0.82. This reduction in effective dihedral
probably results from a loss in 1ift on the leading-wing panel as 1ts
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critical Mach number is exceeded. The damping-in-roll derivative CZP
showed no abrupt change through the test range of Mach number.

The problem of lateral behavior at transonlc speeds, extending
through a Mach number of 1.0, 1s now being investlgated by means of free-
flight rocket models, but results are not yet avallable. Several theo-
retical Investigations which apply to Mach numbers of about 1.2 and
above have been completed or are in progress. The case of the supsrsonic
derivatives of triangular wings already has been covered rather completely
in an unpublished analyslis. The methods used In this analyslis are now
being extended to "notched" triangles, or swept wings with zero taper
ratio. Investigations of unswept rectangular wings also are under way.

CONCLUDING REMARKS

In summarlizing, 1t might be sald that progress is being made In the
determination of the stabllity derivatives for swept- and low-aspect-
ratioc airplane conflgurationsj and it appears that the lateral stabllity
characteristics of high-speed alrplanes can, at least qualitatively, be
predicted by the use of the proper stability derlvatives with existing
theoretlcal methods.

Langlsy Memorlal Asronauticel Iaboratory
National Advisory Committee for Aeronautics

Tangley Fleld, Va.
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Figure 1.- Stability chart for & general research model tested in the .
Langley free-flight tunnel (Cy, = 1.0).
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Figure 2.- Effect of damping in roll on the laieral stability of a high-

speed airplane (Ci = 1.0).
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Figure 3.- Effect of wing incidence on the lateral siabllity of a free-
flight-tunnel research model (CL = 0.8).
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Tigure 4.~ Effect on the lateral siability of the change in mass -
distribution caused by adding wing-tip tanks (Cy = 0.7).
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Figure 8.~ Period and damping of the latersl oscillation and calculated
rudder~free stability boundary for conventional attack airplane.
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Figure 7.- Lateral-stability derivatives calculated by approximate
theory for swept wings with taper ratio of 0.5.
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‘ derivatives.
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Figure 9.- Effect of Reynolds number and wing roughness on rolling
moment due to sideslip.
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Figure 10.- Effect of airfoll section and flaps on rolling moment due

to sideslip.
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Figure 11.- Effect of Mach number on lateral-stability derivatives.
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